Encapsulation complexes are assemblies in which a reversibly formed host more or less completely surrounds guest molecules. Host structures held together by hydrogen bonds have lifetimes in organic solvents of milliseconds to hours, long enough to directly observe the encapsulated guest by NMR spectroscopy. We describe here the action of alkyl ammonium compounds as guests that gather up to six molecules of the host module to form encapsulation complexes. The stoichiometry of the complexes-the largest hydrogen-bonded host capsules to date-is determined by the size and concentration of the guest.
I
n 1997 Atwood and MacGillivray (1) reported the structure of resorcinarene 1a (Scheme 1) in the solid state and suggested its expanded possibilities for molecular recognition in solution (for a related structure see ref.
2). Such compounds had hardly been ignored before then: As early as 1982, their curvature and functional groups provided the skeleton of the first cavitand (3) and subsequently, from two such units, the carcerands (4, 5) and hydrogen-bonded capsules (6-9) were prepared. The single resorcinarene unit has recognition capabilities in its own right. In 1988 Aoyama (10, 11) described the formation of stoichiometric, 1:1 complexes of 1b with dicarboxylic acids, ribose, and even with terpenes, and steroids in organic solution (12) . Later, Aoki (13) , Rissanen and coworkers (14) , and others (ref. 15 ; a related structure including disordered solvent was obtained from 1d) found dimeric capsules of 1c with alkyl ammonium guests in the solid state. But when the structure of 1a revealed it to be a spectacular, spherical hexamer, surrounding an enormous cavity, it became apparent that encapsulation of much larger guests and alternate stoichiometries might be possible with this host. To our knowledge, no such complexes have been described in solution, and we introduce them here.
Materials and Methods
The resorcinarenes 1b and 1d were prepared by known procedures (16) . The quaternary ammonium and phosphonium guests were purchased from Aldrich and Fluka and used without further purification. The stock solutions of 1b in commercial CDCl 3 were saturated by shaking with H 2 O before the complexation studies. All NMR spectra [one-dimensional 1 H-, 19 F-, 31 P-, two-dimensional rotating-frame Overhauser effect spectroscopy (ROESY)] were recorded with Bruker DRX 600-MHz spectrometer by using the solvent signal as internal reference.
Results and Discussion
The earlier finding that quaternary ammonium guests are useful for the detection of other capsular hosts in the gas phase by electrospray ionization-MS (17) was applied to the characterization of assemblies from Scheme 1. These salts act as ionic labels for MS but show high affinity for deep cavitands even in aqueous solution (18). The bonds that coat the inner surfaces of structures 1 provide a thin layer of negative charge that is complementary to quaternary ammonium salts. It seemed likely that the cation-interactions could be recruited to generate and stabilize assemblies of Scheme 1. Water-saturated CDCl 3 , the widely accepted industrial standard for molecular recognition with synthetic receptors (19) , was used as the solvent for the NMR studies.
The 1 H NMR spectrum of resorcinarene 1b in this solution (see Fig. 2 ) features the expected set of signals for the protons of resorcinol rings and methine bridges; these are in accord with a C 4V -symmetric crown conformation. The multiplet of hydroxyl Abbreviation: ROESY, rotating-frame Overhauser enhancement spectroscopy.
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Scheme 1.
groups is centered at 9.6 ppm whereas the resonance for water is found at 3.3 ppm (20) .
Addition of tetrahexylammonium bromide (2f ϩ Br Ϫ ) to the solution of 1b results in the broadening of the signals for the OH groups, water, and the protons in 2-positions of the resorcinol rings (Fig. 1B) . The large upfield shifts and the separate signals for bound and free guest are characteristic of encapsulation complexes; the guest exchange rates are slow on the NMR time scale (600 MHz, 295 K). Steric barriers isolate the ammonium salts from the bulk solution and numerous hydrogen bonds must be broken to allow the passage of molecules into and out of the cavity. The spectrum contains five broadened signals corresponding to the protons of complexed 2f ϩ . These sharpen considerably as the temperature is raised to 313 K. The integration of the corresponding signals (the assignments were confirmed by two-dimensional correlated spectroscopy and ROESY experiments) clearly shows the 6:1 ratio between 1b and 2f ϩ guest. This ratio does not change upon further addition of the salt and is consistent with our formulating the structure of the complex as a self-assembled hexamer (1, 2) of 1b encapsulating one 2f ϩ (Scheme 2).
The resonance of water is unchanged at 3.3 ppm and indicates that it, too, participates in the assembly. The ROESY spectrum shows exchange cross peaks between signals of the encapsulated and free cations. The poorly soluble 1d dissolves nicely in the presence of 2f ϩ Br Ϫ , and the NMR spectrum (not shown) again shows the guest in the hexameric host.
Analogous 6:1 complexes are formed between 1b and tetrapentyl, tetrabutyl, and tetrapropyl ammonium bromide as well as tetrabutylphosphonium bromide. In general, the longer aliphatic chains of the guests showed the most upfield shift for the protons of their methyl groups (⌬␦ ϭ Ϫ1.3 to Ϫ2.5 ppm). This increased shielding of the methyl groups places them, on average, nearer to the concave surfaces of the resorcinarene faces of the hexameric assembly. The complex of 1b and tetraheptylammonium bromide proved an exception: The spectrum shows a complicated pattern from 0 to Ϫ0.8 ppm (Fig. 1C) . The twodimensional ROESY spectra revealed that the methyl protons of the complexed 2g ϩ emerge at Ϫ0.2 ppm (⌬␦ ϭ Ϫ1.1 ppm) whereas the most upfield signal corresponds to the protons of the methylene groups. This feature suggests a hindered motion and folding of the tetraheptyl chains inside the cramped quarters. An energy minimized structure for this ion pair inside the hexameric host is shown in Fig. 2 .
A very complex spectrum was observed for the tetraoctylammonium cation. Because the pattern depended on the concentration of guest, it was not possible to assign the signals of the encapsulated guest or accurately determine the host͞guest stoichiometry. The tetrahexadecylammonium cation was not complexed under these conditions.
The volume of the cavity found for 1a 6 ⅐8H 2 O in the crystalline state (1.4 mm 3 ) (1, 2) is several times that of 2d ϩ . This suggested encapsulation of the ion pair 2d ϩ X Ϫ occurred in the cases discussed above (21) . This was shown to be the case for 2d ϩ . We compared the upfield portion of the NMR spectrum of encapsulated 2d ϩ I Ϫ in 1b with the corresponding BF 4 Ϫ salt. The spectra differ starkly, even though both salts make hexameric complexes. The 19 F-NMR spectrum of the BF 4 Ϫ salt contains two signals at Ϫ148.5 and Ϫ151.5 ppm corresponding to the complexed and free BF 4 Ϫ anions, respectively. No complexes of 2d ϩ were observed with larger anions such as tosylates, BBu 4 Ϫ and BPh 4 Ϫ . Even with the counterion inside, there appears to be ample room for additional guests or solvent molecules within the capsules, and this proved to be true for the few cases examined. Specifically, addition of para-phenyl toluene to the complex of 2d ϩ Br Ϫ in the hexamer gave rise to a new set of NMR peaks corresponding to encapsulated para-phenyl toluene, as well as a shift of the upfield signals of the original guest (spectrum not shown). Accordingly, the spectra of Figs. 1 and 3A represent not only the encapsulated guest and counterions but also an unknown number of encapsulated solvent molecules.
The smaller salts, tetraethylammonium and phosphonium bromides showed a 1:2 stoichiometry consistent with a dimeric form of 1b surrounding the guest. The signal for the water protons was also shifted downfield (⌬␦ ϭ 1.5 ppm), indicative of strong hydrogen bonding; no evidence could be obtained for encapsulation of secondary guests in the dimeric capsules. Tetramethylammonium cation was not complexed by 1b under these conditions.
The stability of the 1:6 complex 2c ϩ Br Ϫ and 1b (Fig. 3A ) depends on the amount of the salt present in solution. At , a behavior that suggests that the new complex is not a capsule; instead it appears to be the monomeric resorcinarene, probably hydrogen-bonded to the bromide counterion(s) (for the x-ray structures of this type of complexes, see refs. 22 and 23). It appears that bromide is the cause of this disassembly. In accordance with this interpretation it was found that the 1:6 complex with 2d ϩ iodide is much more stable in the presence of its excess salt than the complex with the corresponding bromide. The 1:6 complex of 1b with 2d ϩ BF 4 Ϫ also stayed intact in the presence of 10-fold molar excess of the guest.
The size of the cation also plays a role in the stability of the 1:6 complexes: In general, the capsules containing the larger cations are more stable to disassembly by their excess corresponding tetraalkylammonium bromides.
Conclusions
The behavior of the resorcinarene reveals it to be a library of receptor stoichiometries in solution, with the hexameric form the largest hydrogen-bonded assembly reported to date. Its properties are emergent, expressed as a function of guest structure and concentration. In this respect it resembles metal-ligand assemblies (for examples see refs. [24] [25] [26] [27] [28] in which the guest frequently determines which of several hosts are formed. For hydrogenbonded capsules the multiplicity behavior of Scheme 1 is unique (29) (30) (31) (32) . It shows a diversity that testifies to the plasticity of the weak, intermolecular forces that drive molecular recognition phenomena.
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